Objectives: Predictive factors of response to eribulin are lacking. We aimed to investigate the activity and safety of eribulin in a real-world population of metastatic breast cancer (MBC) patients and to identify possible predictive factors of progression-free survival (PFS) and objective response. Methods: We retrospectively analyzed 71 eribulin-treated MBC patients. Best response rate, PFS, and adverse events (AEs) were evaluated. The impact of different clinical-pathological factors on PFS was evaluated using the Cox proportional hazards model. Predictive factors of response were identified by discriminant function analysis (DFA). Results: Median PFS was 3.75 months (95% CI, 2.39-4.48); 12 patients (16.90%) achieved partial response (PR), 27 (38.03%) stable disease. The most common AEs were fatigue (25.83%), neutropenia (16.56%), and peripheral neuropathy (13.91%). A worse performance status (p = 0.025) and a higher number of metastatic organ sites (p = 0.011) were associated with a worse PFS under eribulin. Overall, in the DFA-predictive model, neutrophil-to-lymphocyte ratio at baseline, estrogen receptor, Ki67, histology, and age were predictive of PR with 100% accuracy. Conclusions: Activity and safety profiles of eribulin were consistent with literature data. Performance status and number of metastatic sites were predictive factors of PFS. DFA could be a promising tool to discriminate responses to eribulin among MBC patients.
Introduction
Breast cancer is the most common form of cancer among women in Italy and worldwide. Its incidence has been increasing over the past few decades. It is estimated that approximately 12.4% of women will be diagnosed with breast cancer at some point during their lifetime [1, 2] . Despite improvements in treatments, the 5-year survival rate for metastatic breast cancer (MBC) is only 26%. Chemotherapy plays an important role in the advanced setting of breast cancer treatment; however, there is no standard of care after progression under treatment with anthracyclines and taxanes [3] .
Eribulin is a non-taxane microtubule polymerization inhibitor, a structurally simplified synthetic analogue of halichondrin B, a natural product isolated from the marine sponge Halicondria okadai [4] . It acts differently from other tubulin-targeted agents, like taxanes and vinca alkaloids. Eribulin inhibits microtubule growth without shortening them, and aggregates soluble tubulin in a nonproductive form [5] . This mechanism of action leads to irreversible mitosis arrest and finally to apoptosis. Because of this unique mechanism of action, eribulin may show activity also against taxane-resistant tumor cell lines.
In the phase III, open-label randomized study EM-BRACE, eribulin demonstrated a significant increase in overall survival (OS) compared with treatment of physician's choice (TPC) in heavily pretreated patients with MBC [6] . The EMBRACE trial was the first single-agent study of a cytotoxic agent showing significantly increased survival in patients with heavily pretreated advanced breast cancer. In this study, 762 patients who had received between 2 and 5 previous chemotherapy regimens were randomized to receive either eribulin or a TPC. The median OS in women assigned to eribulin was 13.1 months, compared with 10.6 months in the control group [hazard ratio (HR) 0.81, p = 0.041]. Objective response rate (ORR) and progression-free survival (PFS) were analyzed as secondary endpoints, with an ORR of 12% and a median PFS of 3.7 months. With regard to safety, eribulin provided manageable toxic effects, in line with those described in earlier studies. This trial led to eribulin approval by the US Food and Drug Administration (FDA) in 2010. In Europe, eribulin is approved as monotherapy for patients with MBC who have received at least one line of chemotherapy for advanced disease, and who have been treated with an anthracycline and a taxane either in an adjuvant or metastatic setting.
However, despite the clear advantage in OS, the benefit in PFS remains limited across the studies. No univocal explanation is currently available to interpret this discrepancy. Although eribulin is now widely employed worldwide, predictive factors of response in clinical trials and in the "real-world" setting are currently lacking. In our retrospective, observational analysis, we aimed to evaluate activity and safety of eribulin in a "real-world" population of patients with MBC, and apply exploratory techniques as the proportional-hazards model and the discriminant function analysis (DFA) to identify possible predictive factors of PFS and response.
Patients and Methods
Study Population, Data Collection, and Outcome Measures All consecutive advanced breast cancer patients who started eribulin at Humanitas Cancer Center between December 2012 and August 2017 were reviewed. Information on clinical history, tumor response, treatment outcome, and safety profile was collected from patients' medical charts.
All patients received eribulin after radiological evidence of progressive disease (PD). Patients included in the present analysis were aged over 18 years, had an Eastern Cooperative Oncology Group (ECOG) performance status (PS) ≤3, a life expectancy of at least 3 months, absolute neutrophil count at baseline ≥1,000/ mm 3 , platelet count ≥75,000/mm 3 , hemoglobin levels ≥8 g/dL, normal renal function, and normal liver function defined as normal bilirubin levels, and aspartate aminotransferase and alanine aminotransferase levels less than 2.5 times the upper limit of normal.
Pretreatment evaluation included data on previous treatments, response to treatments, physical examination, blood count, a serum biochemistry panel, radiological tumor assessment by contrast chest and abdomen computed tomography (CT) scan, magnetic resonance imaging (MRI), bone scan or positron emission tomography (PET) according to clinical judgement.
All procedures were conducted in accordance with the Declaration of Helsinki and have been approved by the local ethics committee. Written informed consent to treatment and to the use of clinical data for scientific purposes had been provided by all patients at the time of chemotherapy administration.
Eribulin was administered at a dose of 1.23 mg/m 2 intravenously over 2-5 min on days 1 and 8 of a 21-day cycle after at least 2 prior chemotherapy lines for metastatic disease. The dose was reduced to 0.97 mg/m 2 in case of grade 4 neutropenia lasting more than 7 days, neutropenic fever, grade 4 thrombocytopenia, or grade 3-4 nonhematological toxicities. Granulocyte colony-stimulating factor and erythropoiesis-stimulating agents were permitted only in accordance with American Society of Clinical Oncology guidelines. The treatment continued until disease progression, unacceptable toxicity, or consent withdrawal. Disease evaluations were carried out at baseline (pre-dose, but not more than 3 weeks before initiating treatment with eribulin) and after every three cycles thereafter.
The primary objective of the study was to evaluate the best response rate according to Response Evaluation Criteria in Solid Tumors (RECIST) criteria version 1.1 and Kaplan-Meier estimates of PFS under eribulin (PFS E ). Secondary objectives were to analyze the occurrence of adverse events (AEs) according to the National Cancer Institute Common Terminology Criteria for Adverse Events (NCI-CTCAE) version 4.02, and the response evaluation defined by the growth modulation indexes (GMI) induced by eribulin (GMI 1 ) and carried over by eribulin in the subsequent chemotherapy line (GMI 2 ). GMI represents the growth of a neoplasm under a determined treatment and measures the action that the treatment has on the natural development of the tumor. Mathematically, it is defined as the PFS during a certain treatment divided by the PFS in the previous line of treatment. GMI of eribulin (GMI 1 ) was calculated as the ratio between PFS E and PFS of the previous treatment line (PFS PRE ) in each single patient, while GMI post-eribulin (GMI 2 ) was calculated as the ratio between PFS of the first post-eribulin chemotherapy line (PFS POST ) and PFS E . 
Statistical Methods
The study was planned as a retrospective evaluation of treatment with eribulin in a consecutive series of pretreated patients. Actuarial survival curves were generated using the Kaplan-Meier method. PFS was defined as the time from the first day of study treatment until disease progression, as shown by radiological or clinical examination, or death from any cause. Patients without any evidence of PD were censored at the date of their last followup.
The variables considered were: age, gender (female vs. male), histology (ductal, lobular, or mixed), hormone receptor expression, human epidermal growth factor receptor 2 (HER2) positivity (protein expression level by immunohistochemistry and/or fluorescent in situ hybridization), proliferation index (Ki67, ≤20 vs. > 20%, the most common used staining levels cutoff to dichotomize BC populations [7] ), tumor grade (G1-2 vs. G3), disease-free interval between the first diagnosis of breast cancer and the first diagnosis of metastasis (dichotomized around the median value), number of prior chemotherapy lines before eribulin for metastatic disease (2, 3, 4, ≥5), taxane-refractory (taxane-sensitive vs. taxaneresistant, defined as primary resistance to a previous taxane treatment), number of metastatic sites (1, 2, 3-4), pattern of metastatic disease (visceral vs. nonvisceral), ECOG PS (0, 1, 2-3), median PFS of the chemotherapy line administered immediately before eribulin, neutrophil-to-lymphocyte ratio (NLR) at the first day of the first cycle of eribulin (≤2.5, 2.5-4, 4-5.5, > 5.5) since NLR has been reported to be associated with prognosis and response to several chemotherapeutic agents in breast cancer (see Discussion section).
Each prognostic factor was submitted to a univariable analysis using a proportional hazards Cox regression, giving data as HR with a 95% confidence interval (CI). Each variable satisfying the criterion p < 0.25 was entered into the multivariable model. A multivariable Cox regression model was used to estimate HRs and 95% CIs of the association between the selected predictors and the outcome (PFS).
Furthermore, a prediction model of response to eribulin was performed by DFA, using response as outcome of interest and clinical characteristics at baseline as potential predictors. Response to treatment was classified as partial response (PR), stable disease (SD), or PD according to the response evaluation criteria in solid tumors (RECIST) 1.1 criteria [8] . DFA is a nonparametric technique that estimates the linear combinations of descriptors maximizing the separability among subjects according to a predefined grouping variable (response to eribulin). Since a large share of variables introduced in the model were categorical (e.g., histology, ECOG PS), a case-wise analysis was conducted without any substitution of missing data (i.e., patients with incomplete data were excluded). DFA was implemented with a forward stepwise design, with an F-value to enter equal to 1 and an F-value to remove equal to 0. Tolerance of variable correlation was set to 0.01. Classification of single cases was performed by using square Mahalanobis distance between groups. Based on the χ 2 distribution, Mahalanobis distance classifies single cases as belonging to distinct groups by measuring the distance of each case (P) from the multidimensional mean (centroid) of a distribution in the multivariate space defined by canonical roots generated by the model's variables. Multidimensional distance is calculated based on a combination of the actual Euclidean distance and covariance of the same distribution. In this manner, the Mahalanobis distance is scaled in the multivariate space by the mutual correlation of the intervening vari- Mixed histology corresponded to patients with a diagnosis of both ductal and lobular carcinoma. HER2 status was determined based on HER2 protein expression level by immunohistochemistry (IHC). Tumors with HER2 scores of 0 and 1+ were considered as HER2 negative. In tumors with equivocal HER2 IHC test results (2+), gene amplification was evaluated using fluorescence in situ hybridization. Specimens with HER2 3+ scores were considered as HER2 positive. DFI, disease-free interval; PR, partial response; SD, stable disease; PD, progressive disease; ECOG PS, Eastern Cooperative Oncology Group Performance Status; NLR, neutrophil-tolymphocyte ratio; PFS, progression-free survival.
De Sanctis et al. ables. P is attributed to the closest group according to that distance [9, 10] .
The contribution of variables taken into account by DFA has lately been investigated in a post hoc univariate analysis by nonparametric tests, since the distribution of the selected variables was not Gaussian. The Kruskal-Wallis test and maximum-likelihood χ 2 test were used for continuous and categorical variables. Normality of variable distributions was assessed by the Shapiro-Wilk test. Correlation analysis among variables was performed using Kendall's tau coefficient.
p values resulted from two-sided tests and p < 0.05 was considered statistically significant. Analyses were performed with the STATA software package, version 15 and with STATISTICA version 7, StatSoft, Inc.
Results

Patients' Characteristics
From December 2012 to August 2017, 71 patients with MBC treated at Humanitas Cancer Center were included in the analysis. Demographics and main clinical and baseline pathological characteristics of the patients are reported in Table 1 . Median age was 52 years (range, 33-72). De novo metastatic patients were 12 (16.91%). Twenty-five (35.22%) patients had a G3 tumor, and 37 (52.11%) had a high proliferation index (Ki67 > 20%); 53 (74.65%) had a hormone-positive disease, 8 (11.26%) had HER2-positive disease, while 11 (15.49%) patients had a triple-negative breast cancer.
Before receiving eribulin, patients had received a median of 3 previous chemotherapy lines for metastatic disease (range 2-8). The median value of the NLR in our sample at baseline (NLR1) was 4 (range 1.2-44.6). Median follow-up was 47.47 months [interquartile range (IQR) 30.38-73.51 months] and 7.4 months (IQR 2.92-12.56 months) from the first diagnosis of metastatic disease and from the first dose of eribulin, respectively. Median PFS from the first dose of eribulin was 3.57 months (95% CI, 2.39-4.48 months; Fig. 1 ). OS data were not mature at the time of the analysis with 4 events reported. The ORR was 16.90% with a 54.93% clinical benefit rate.
Safety Profile
All 71 patients were included in the safety analysis, and a total of 345 cycles were evaluable for toxicity. Treatment with eribulin was generally well tolerated. The most common eribulin-related toxicities were fatigue, neutropenia, and peripheral neuropathy with a global incidence of 25.83, 16.56, and 13.91%, respectively. Grade 3-4 AEs comprised neutropenia (8.61%) and fatigue (5.30%), while febrile neutropenia was reported with an incidence of 2.64%. Dose reduction occurred in 22 patients for grade 3-4 toxicities ( Table 2) .
Cox Proportional Hazards Regression
To investigate the impact of different clinical-pathological factors on PFS, we first conducted a univariable (Table 3A) . Multivariate analysis confirmed that PFS was affected by having a worse ECOG PS and a greater number of metastatic involved sites (p = 0.023 and p = 0.012, respectively; Table 3B ).
Discriminant Function Analysis
In the DFA, histology, age, NLR1, Ki67, estrogen receptor levels (ER), progesterone receptor levels (PgR), number of previous lines of chemotherapy for metastatic disease, taxane resistance, number of involved metastatic sites and ECOG PS were entered into the model as potential predictors. PgR, ECOG PS, taxane resistance, number of prior chemotherapeutic lines and number of involved organ sites were excluded by DFA from the model as not significant in discriminating between different outcomes. Overall, the model run on 55 patients with no missing data. Model efficacy in predicting response to eribulin Mahalanobis distance correctly classified 33 cases out of 55 included in the model. However, the DFA model was able to discriminate the 100% of PR cases from SD and PD with the contribution of Root 1 (Fig. 3) .
Post hoc Univariate Analysis
Among all the variables included in the model, only NLR1 and ECOG PS were different among outcome groups. The outcome groups (PR, SD, PD) differed for NLR1 value (H(2, n = 65) = 13, 78; p = 0.001). The NLR1 value was significantly different between PR and PD. The NLR1 value was significantly lower for PR patients in comparison with patients experiencing SD and PD (PR vs. SD, p = 0.02; PR vs. PD, p = 0.006). No difference was found between SD and PD patients (p = 0.64). See Table 4 for NLR values. Moreover NLR1 was also negatively correlated with PFS (correlation coefficient -0.3, p = 0.001). Note that histological characteristics (histology, ER, PgR, HER2, Ki67, grading) refer to specimens obtained at the time of the first diagnosis of breast cancer. Mixed histology corresponded to patients with a diagnosis of both ductal and lobular carcinoma. HR, hazard ratio; CI, confidence interval; DFI, disease-free interval; CT, chemotherapy; ECOG PS, Eastern Cooperative Oncology Group Performance Status; PFS, progression-free survival; NLR, neutrophil-to-lymphocyte ratio. As for ECOG PS, a worse PS was associated with a worse response (p = 0.01; Table 5 ).
Histology, age, Ki67, and ER were not significantly different among outcome groups. Histology groups were uniformly distributed among outcome groups according to the M-L χ 2 test (p = 0.42). For age, Kruskal-Wallis was equal to H(2, n = 71) = 1.278; p = 0.53. Ki67 had H(2, n = 59) = 1.709; p = 0.42. ER had H(2, n = 67) = 0.211; p = 0.90.
NLR during Eribulin Treatment
Since NLR had a predominant role in the DFA model in predicting response to treatment, we also analyzed the course of NLR throughout the therapy with eribulin. Kruskal-Wallis reported a global H(2, n = 38) = 8.02 (p = 0.02), and, after post hoc comparison, the NLR2 value differed significantly between PR and SD (p = 0.01). For complete values, see Table 4 .
Growth Modulation Index GMI1 median was 0.59 (IQR: 0.28-1.69), while GMI2 was 0.49 (IQR: 0.31-1.35). No significant difference was found between GMI1 and GMI2 (p = 0.49).
Discussion
Nowadays, overall response rate remains the main evaluable treatment endpoint in an everyday clinical setting for MBC. Nevertheless, treatment prioritization according to clinical characteristics and consequent different treatment strategies may also influence post-progression survival and OS. One can argue that chemotherapy can have a different impact on the outcome of a metastatic patient according to the sequences of administration.
Eribulin is a non-taxane microtubule dynamics inhibitor, but recent literature data have shown its complex nonmitotic effects on tumor biology [11] [12] [13] . Eribulin's mechanism of action includes tumor vasculature remodeling [14] , reversal of epithelial-mesenchymal transition, and decreased capacity for migration and invasion [15] . To date, in vivo measurements of these effects are still challenging.
According to the working hypothesis that, after eribulin, residual tumors are phenotypically different and probably less aggressive, we studied the post-progression survival and compared it with PFS E (GMI2) and the ratio between PFS E and PFS prior to eribulin (GMI1) [16] . However, no significant difference was found between GMI1 and GMI2. On the other hand, our population was heavily pretreated, and almost all patients had received paclitaxel and capecitabine (data not shown), which may interact with eribulin's mechanism of action, albeit we have only preclinical data on this topic [14] .
As a consequence of eribulin-induced epithelial-mesenchymal transition, eribulin could also influence cancer immunoediting [17, 18] . As a potential epiphenomenon of chemotherapy-induced immunomodulation, we also studied NLR which has been reported to be associated with prognosis and response to chemothera- peutic agents in breast cancer in several studies [19] [20] [21] [22] . In the present study, NLR was dynamically analyzed during eribulin treatment: at baseline, at best response and at progression. Baseline NLR had a predominant role in maximizing the separation between response groups in the DFA model. Of note, since no steroid premedication for eribulin was routinely provided before blood test at day 1 of each cycle, the relatively high median NLR in our population should have been very little influenced by concomitant medications. Moreover, NLR at best response significantly differed between patients reporting PR or SD. Therefore, beyond a predictive role of NLR at baseline, NLR is also influenced by the treatment and its immunoediting effect. To the best of our knowledge, this is the first report of a potential predictive role of NLR in patients with MBC receiving eribulin.
Several studies have evaluated the activity of eribulin according to molecular profiles of breast cancer. According to the subgroup analysis of the EMBRACE trial, eribulin demonstrated a significant increase in OS in all molecular subtypes, either HER2-positive or -negative tumors [6] . In another study, Rossi et al. [3] analyzed possible predictive criteria in order to select patients that might benefit the most from eribulin. A longer PFS was found in patients with hormone-positive tumors (p = 0.0051) and in HER2-negative cases (p = 0.037). Gamucci et al. [23] , in their evaluation of eribulin activity in a real-world patient population, showed a significant improvement in terms of partial response and clinical benefit in patients with HER2-negative tumors (p = 0.01 and p = 0.004, respectively). On the other hand, the ERIBEX trial, a retrospective, international, multicenter study involving 258 patients receiving eribulin for a locally advanced or metastatic breast cancer, HER2 positivity seemed to be a predictive factor, with a significant increase in clinical benefit rate in HER2 positive tumors compared to those HER2 negative (HR 0.38, p = 0.02). This could be probably due to the systematic use of trastuzumab in association with eribulin, in the population of ERIBEX study [24] . In our Cox proportional hazards model, there was no significant difference in PFS according to hormone receptor expression and HER2 positivity, even if HR values for hormone-positive disease were near or superior to 1, thus suggesting potentially worse PFS curves in these patients.
The main result from our time-to-event analysis was the association of tumor burden and clinical conditions with PFS. Even if patients with an ECOG PS of 2 or 3 and with 3 or more metastatic organ sites involved were relatively few in our population, these results strengthen the role of these clinical parameters as major clinical determinants in the real-world decision-making.
Beyond studying PFS, we analyzed RECIST response by DFA run using as covariates the parameters obtained by both the Cox regression analysis and literature data. The main finding was that DFA managed to distinguish PR patients from the others (SD, PD). In the model, NLR at baseline, ER, Ki67, histology, and age were more relevant factors in defining the discriminant function with NLR as the principal one. In the post hoc subanalysis of the role of NLR1, we found not only that NLR1 is a predictive factor of response to eribulin but also that patients experiencing PR significantly differed in terms of NLR1 with respect to patients reporting SD and PD. Furthermore, the NLR values of PR patients during eribulin treatment remained different from SD patients and, probably (even if the low sample size hampers a statistical conclusion), from patients reporting PD. This suggests that future studies with an adequate patient number could identify a cut-off of the NLR predictor of response and/or that the value of NLR could be studied during treatment to monitor the response as a tumor marker.
The safety profile of eribulin in our cohort was consistent with AEs previously reported [6, [25] [26] [27] .
Some limitations of the present analysis are worth to be mentioned: the limited number of patients, the retrospective nature of the study and the enrollment of patients with missing data. There could also be an ascertainment bias, with the GMI influenced by frequency of tumor evaluation during different chemotherapy regimens. Furthermore, at a first glance, it is odd to obtain different results regarding predictors by DFA and Cox in the same population. However, the two analyses focused on different outcome measures (response and PFS, respectively). Moreover, the fact that DFA excluded from the model the two predictors that resulted from the Cox model can be explained in at least two ways. First, the DFA is a punctual and not a time-to-event analysis, and it is very sensitive to missing data. However, methodological studies have demonstrated that using mean substitution of missing data instead of case-wise approach (as we did) does not lead to better predictions [28] . Alternatively, predictors of response are not necessarily associated with the course of the disease, and we can observe a ceiling effect of response, that is, a clinical benefit may be achieved in a high-risk patient (according to our Cox model) but, despite the good response, the time to progression remains poor. 
Conclusions
In this "real-world" experience, the activity and safety profiles of eribulin were both consistent with literature data. Considering promising OS curves but not statistically significant improvement in PFS data of eribulin, in the present study we focused on potential predictive factors of response and PFS. Apart from well-known clinical predictors of clinical outcome, as ECOG PS and tumor burden, our results also showed that immunological imbalance and hormonal status are the main factors in the predictive model by DFA, suggesting that they may be relevant for the progression of MBC under eribulin treatment, either solely or in combination. In this context, DFA seems to be an interesting statistical tool for identifying predictive factors in MBC patients.
